The transmembrane metalloproteinase ADAM8 promotes tumor growth and metastasis in Triple-Negative breast cancer. Results: Three sites of N-glycosylation controlled ADAM8 processing, localization, stability, and activity. Conclusion: N-Glycans play important roles in ADAM8 structure and function. Significance: New insights into mechanisms regulating ADAM8 processing and activity may be exploited in future therapeutic strategies for Triple-Negative breast cancer.
their metastases, particularly in Triple-Negative breast cancers (TNBCs) (7) . Furthermore, ADAM8 was implicated in various steps of breast tumorigenesis and validated as a target for antibody-based targeted treatment of mammary tumors derived from TNBCs.
N-Glycosylation is a post-translational modification important for several physiological processes, including protein processing in the endoplasmic reticulum, trafficking through the Golgi, and protein folding and stability (18 -23) . Altered N-glycosylation of proteins has been linked to cancer progression (24, 25) . Notably, N-glycosylation participates in the adherence of circulating tumor cells to the microvascular bed essential for extravasation and facilitates metastasis from the blood or lymph to other organs (26) . Consistently, treatment of the highly aggressive sarcoma cell line S4MH with the N-glycosylation inhibitor tunicamycin resulted in loss of tumor cell adherence to endothelial cells and a significant reduction in the metastatic capacity (27) . Murine ADAM8 was shown to be N-glycosylated (28) . However, the sites of these post-translational modifications were not mapped or their functional roles elucidated. Here, we report that human ADAM8 is glycosylated in estrogen receptor (ER)␣-negative human breast cancer cells and four sites of N-glycosylation sites demonstrated: Asn-67 and Asn-91 in the prodomain, and Asn-436 and Asn-612 in the DI and CRD, respectively. Using site-directed mutagenesis, immunofluorescence, and biochemical analysis, N-glycosylation at these sites was shown to be essential for the regulation of the cellular localization, stability, processing, and activity of ADAM8.
EXPERIMENTAL PROCEDURES
Reagents and Antibodies-N-Glycosidase F (PNGaseF) (P0704S) and endoglycosidase H (EndoH) (P0702S) were purchased from New England Biolabs (Ipswich, MA). Tunicamycin and cycloheximide were from Sigma-Aldrich and dissolved in DMSO (ABO3091) (American Bioanalytical, Natick, MA) and distilled water, respectively. Chloroquine (02193919) was purchased from MP Biomedicals (Solon, OH). Antibodies directed against the human ADAM8 cytoplasmic tail (rabbit; B4068) and ectodomain (goat; AF1031) were from LSBio (Seattle, WA) and R&D Systems (Minneapolis, MA), respectively. Antibodies against ␤-actin (AC-15) and ␤-tubulin (TUB 2.1) were from Sigma-Aldrich. Antibodies against LAMP 2 and M6PR were purchased from the Developmental Studies Hybridoma Bank at the University of Iowa. Pre-adsorbed goat anti-mouse IgG secondary antibody conjugated to horseradish peroxidase (HRP) (sc-2055), anti-c-Myc (9E10 sc-40), and anti-HA (sc-805) antibodies were purchased from Santa Cruz Biotechnology. Goat anti-rabbit IgG HRP (170 -6515) and immobilized streptavidin-agarose (20349) were obtained from Bio-Rad and Thermo Scientific (Rockford, IL), respectively. Reduced serum medium Opti-MEM (31985-070), Alexa fluor 488 chicken anti-mouse IgG (A-21200), and Alexa fluor 594 chicken anti-rabbit IgG (A-21442) were from Invitrogen (Carlsbad, CA). Chemical cross-linking reagent bis (sulfosuccinimidyl) suberate (BS3), was purchased from Pierce.
Cell Lines and Culture Conditions-Human ER␣-negative non-tumoral mammary epithelial MCF-10A and MDA-MB-231 breast cancer cells and ER␣-positive breast cancer cell lines MCF-7, ZR-75, and BT474 were purchased from American Type Culture Collection (ATCC, Manassas, VA) and maintained in the medium recommended by ATCC. ER␣-negative human mammary epithelial cells (HMEC), and ER␣-positive MDA-MB-361 breast cancer cells were kindly provided by Charlotte Kuperwasser (Tufts University School of Medicine, Boston MA) and were maintained in mammalian epithelial growth medium (Lonza, Walksville, MD) and DMEM, respectively, supplemented with 10% fetal bovine serum (FBS) (Invitrogen). The human ER␣-negative Inflammatory Breast Cancer line SUM-149 was generously provided by Stephen Ethier (University of Michigan Medical School, Ann Arbor, MI) and maintained as described (29) . Human embryonic kidney (HEK)-293 cells were kindly provided by Nader Rahimi (Boston University School of Medicine, Boston, MA) and maintained in DMEM supplemented with 10% FBS. For growth under hypoxic conditions, cells were incubated at 1% oxygen, 95% nitrogen, and 5% carbon dioxide for 24 h at 37°C. Stable clones of MDA-MB-231 with ADAM8-specific shRNA (shA8) or control shRNA (shCtrl) were kindly provided by Joerg Bartsch (Philipps-University Marburg, Department of Neurosurgery, Marburg, Germany) and maintained as described (7) .
Cloned DNAs-CD23b plasmid was purchased from Addgene (Cambridge, MA) and had been deposited by Zena Werb (University of California at San Francisco). Full-length human ADAM8 (hADAM8) cDNA (MGC:134985; GenBank TM : BC115404.1) was kindly provided by Joerg Bartsch. Full-length hADAM8 was inserted into the EcoRI/HindIII site of pCDNA 3.1/Myc-His (Ϫ)Ver B vector using forward (5Ј-GAC GAA TTC CCG GCC ATG CGC GGC CTC GGG-3Ј) and reverse (5Ј-AAA GCT TCC GTA GGG TGC TGT GGG AGC TCC-3Ј) primers. To introduce mutations into the four putative sites of N-glycosylation, site-directed mutagenesis of the hADAM8 Myc/His pcDNA was performed to replace the indicated asparagines with glutamine using the overlapping extension method (30) . The primers used in this study are as follows: ADAM8 N67Q, sense 5Ј-GCC ACA GGG CAC CAA TTC ACC CTC CAC-3Ј, and antisense 5Ј-GTG GAG GGT GAA TTG GTG CCC TGT GGC-3Ј; ADAM8 N91Q, sense 5Ј-TAT ACG GCT GCC CAA GGC TCC GAG GTG-3Ј, and antisense 5Ј-CAC CTC GGA GCC TTG GGC AGC CGT ATA-3Ј; ADAM8 N436Q, sense 5Ј-AAC CGC TGC TGC CAA TCT ACC ACC TGC-3Ј, and antisense 5Ј-GCA GGT GGT AGA TTG GCA GCA GCG GTT-3Ј; ADAM8 N612Q, sense 5Ј-TAC AGA TCC AGC CAA TGC TCT GCC CAG-3Ј, and antisense 5Ј-CTG GGC AGA GCA TTG GCT GGA TCT GTA-3Ј. To prepare an enzymatically inactive mutant of hADAM8, a point mutation of glutamate to glutamine E335Q was inserted using the following primers: 5Ј-ACC ATG GCC CAT CAG ATG GGC CAC AAC-3Ј and 5Ј-GTT GTG GCC CAT CTG ATG GGC CAT GGT-3Ј. All isolated constructs were confirmed by DNA sequencing before use.
Immunoblotting-Cells were washed in 1X PBS, scraped and incubated in Lysis buffer (10 mM Tris-HCl, pH 7.5, 5 mM EDTA, 50 mM NaCl, 50 mM NaF, 1% Triton X-100) supplemented with protease and phosphatase inhibitors (PI78442, Thermo Scientific), as well as 5 mM EDTA and 10 mM phenanthroline to inhibit the autocatalytic activity of ADAM8. Lysates were sonicated and centrifuged at 16,000 ϫ g for 15 min. Protein concentrations were calculated using a DC Protein Assay Reagent (Bio-Rad). Samples (50 g) of these whole-cell extracts (WCEs) were separated in 8% polyacrylamide-SDS gels and analyzed by Western blotting as previously described (31) . Molecular mass markers were included on each gel (1610394, Bio-Rad).
Glycosidase Digestion-To remove complex/hybrid N-glycans, protein extracts were digested with PNGaseF. Briefly, cell lysates (50 g/l) were incubated in 5 l of 10ϫ denaturation buffer (5% SDS, 0.4 M dithiothreitol (DTT) (New England Biolabs)) for 10 min at 90°C and 5 l of PNGase F at 500 units/l in reaction buffer (0.5 M Sodium phosphate, pH 7.5) containing 10% Nonidet P-40 (which counteracts SDS inhibition of PNGase F) was added and the mixture incubated at 37°C for 1 h. EndoH was used to remove high mannose N-glycans. Following the denaturation of proteins in the cell lysates as above, extracts were incubated with 50 units/l per reaction of EndoH in 0.5 M sodium citrate, pH 5.5 at 37°C for 1 h. Digested samples were subjected to immunoblotting.
Chemical Cross-linking-MCF-7 and MDA-MB-231 cells were grown to confluence in P60 dishes, washed in 1x PBS three times and cross-linked with membrane-non-permeable, thiolnon-cleavable cross-linker reagent BS3 at a final concentration of 2 mM for 30 min at room temperature. Then the cross linking reaction was stopped by addition of 50 mM glycine, pH 7.5 and the incubation continued for 15 min at room temperature. Following addition of Lysis buffer, the cell lysates were subjected to immunoblotting as described above. Experiments were repeated three times.
Transient Transfection-HEK-293 cells were plated at 5 ϫ 10 5 cells/ml and after 24 h were transfected using the polyethylenimine (PEI) reagent (Polysciences, Warrington, PA). Briefly, 1 g of DNA in 2 l PEI and 500 l Opti-MEM (31985-070, Invitrogen) was incubated for 15 min at room temperature, and then added to the culture plates. After 48 h, cells were lysed as described in "Immunoblotting." For MDA-MB-231 and MCF-7 cells, cultures were plated at 10 ϫ 10 5 cells/ml, and 4 g of DNA were used for transfection, as above.
Cell-surface Biotinylation-Following transfection, HEK-293 cells were washed with cold PBS and incubated for 30 min at 4°C with EZ-Link Sulfo-NHS-Biotin (21217, Thermo Scientific). Cultures were washed with 0.1 M glycine in PBS, and the cells were incubated in Lysis buffer (see "Immunoblotting"). Samples (500 g) were incubated with 50 l of streptavidinagarose beads (20349, Thermo Scientific) for 2 h at 4°C. The beads were then washed with the Lysis buffer, and the proteins released by boiling in 30 l of 2ϫ sample buffer (200 mM Tris HCl, pH 6.8, 40 mM DTT, 8% SDS, 0.4% bromphenol blue, 40% glycerol), and subjected to immunoblotting. The assay was performed three times.
Immunofluorescence-HEK-293 cells or SUM-149 (3 ϫ 10 5 cells/ml) were plated on cover slides and transfected with empty vector (EV) DNA or plasmids expressing wild-type (WT) or the indicated N-glycosylation mutant of hADAM8, as above. After 24 h, the slides were washed with PBS and fixed with 2% electron microscopy-grade paraformaldehyde (EMS) at room temperature for 15 min. The slides were rinsed in PBS and stored in 70% ethanol at 4°C for 16 h. To re-hydrate, slides were incubated at room temperature in PBS for 10 min, and the cells permeabilized with 0.5% Triton X-100 for 15 min. Following washing, slides were subjected to blocking with 2% (w/v) bovine serum albumin (Sigma-Aldrich) in PBS for 30 min and then incubated with the indicated specific primary antibodies for 1 h at room temperature. The slides were then washed and incubated with the secondary antibody (Alexa fluor 488 chicken anti-mouse IgG (A-21200, Invitrogen) and/or Alexa fluor 594 chicken anti-rabbit IgG (A-21442, Invitrogen)) for 1 h at room temperature. Following washing, the slides were mounted in Vectashield with 4Ј,6-diamidino-2-phenylindole (DAPI) (H-1200, Vector Laboratories, Burligame, CA). Images were taken using a Nikon 80i Upright Research Fluorescence Scope (40x objective) with Andoe Clara-E Camera and processed with NIS-Elements Basic software.
Fluorescence-activated Cell Sorting (FACS) of ADAM8 Surface Expression-HEK-293 cells were plated at 5 ϫ 10 5 cells/ml and transfected after 24 h, as described above. After 48 h, cells were detached using 1 mM EDTA in PBS and resuspended in 5 ϫ 10 5 cells/100 l of PBS. The cells were then incubated with 4 g of goat anti-ADAM8 ectodomain antibody (AF1031, R&D Systems) for 30 min at room temperature. Cells were then washed twice in PBS and incubated with 1 g of secondary antibody (Alexa fluor 488 chicken anti-goat IgG) for 30 min at room temperature. After washing the cells twice with PBS, 0.25 g in 1 l of propidium iodide (P16063, Invitrogen) was added to each tube. The cells were immediately analyzed by flow cytometry (FACSCalibur, Becton Dickinson). The data were analyzed using Summitv4.3 software. FACS analysis experiments were performed three independent times.
ADAM8 Stability and Activity Assays-To assess ADAM8 stability, cultures were treated with 25 g/ml cycloheximide (dissolved in DMSO) or an equivalent amount of carrier DMSO (control) for the indicated times, in the absence or presence of the lysosomal inhibitor chloroquine at 50 M. Extracts were prepared and subjected to Western blotting. Intensity of the ADAM8 proform and ␤-tubulin bands were quantified using ImageJ densitometry software. The amounts of ADAM8 proform normalized to the ␤-tubulin loading control are presented as percentage of the control sample. To test for ADAM8 activity, HEK-293 cells were plated at 5 ϫ 10 5 cells/ml in P60 dishes, and after 24 h, co-transfected with 1 g DNA of a plasmid encoding C-terminal HA-tagged CD23b and 1 g of ADAM8 expression vector or EV pCDNA 3.1 Version B DNA. 6 h after transfection, the medium was replaced with culture medium without FBS. The serum-free medium was harvested after 16 h, and the cell debris removed by centrifugation. The supernatants were concentrated using Amicon-ultra 4 centrifugal filter units (UFC 801024, Millipore, Billerica, MA). The remaining cells attached to the dishes were washed in PBS, scraped, lysed, and subjected to immunoblotting as described above. Stable clones of MDA-MB-231 (shCtrl or shA8) were transfected with either 1 g of EV or C-terminal HA-tagged CD23b and ADAM8 activity assay performed as described above. These assays were performed three independent times.
RESULTS

ADAM8 Undergoes N-Glycosylation in Human ER␣-negative
Breast Cancer Cell Lines-To assess the expression of ADAM8 and its various forms in breast cancer cells, WCEs from ER␣negative (MDA-MB-231 and SUM-149), and ER␣-positive (MCF-7 and ZR-75) breast cancer cells were analyzed by Western blotting (Fig. 1A) . The proform as well as the active and remnant forms of ADAM8 were all seen in ER␣-negative breast cancer cells, although in somewhat different ratios, indicating processing was occurring in these lines. In contrast, ER␣-positive cell lines had essentially only one ADAM8 band that ran slightly slower than the unprocessed proform seen in the ER␣negative lines (Fig. 1A ). To determine whether the inability to process ADAM8 was common to ER␣-positive breast cancer cells, two additional ER␣-positive lines BT474 and MDA-MB-361 were examined. Again, only a more slowly migrating ADAM8 band was seen in ER␣-positive BT474 and MDA-MB-361 cells (Fig. 1B) . We next asked what forms of ADAM8 are expressed in untransformed breast epithelial cells, in particular ER␣-negative HMEC and MCF-10A cells. The expression patterns of ADAM8 proform and active forms in the ER␣-negative untransformed HMEC and MCF-10A cells was similar to the ER␣-negative breast cancer lines, although their levels were lower especially the processed forms of ADAM8, as expected ( Fig. 1C) (7) . Thus, ADAM8 processing appears differentially regulated in ER␣-negative versus -positive lines, and we next investigated whether these results were due to alternative posttranslational modifications.
Since ectopically expressed mouse ADAM8 in COS-7 cells was N-glycosylated (28) , we sought to determine the glycosylation status of endogenous ADAM8 in the ER␣-negative versus -positive human breast cancer cells. WCEs were subjected to treatment with PNGase F, which cleaves most N-glycans, including high mannose, hybrid, and complex structures at asparagine residues of N-linked glycoproteins. In both MDA-MB-231 and SUM-149 ER␣-negative cells, the proform and active forms of endogenous ADAM8 displayed increased mobility with PNGaseF treatment, demonstrating that these forms were N-glycosylated (Fig. 1D ). The remnant form was also susceptible to PNGaseF digestion, however, the resulting band was quite diffuse ( Fig. 1D , and see Fig. 2A below). In contrast, migration of the endogenous ADAM8 proform in two ER␣-positive cell lines was unaffected by treatment with PNGase F (Fig. 1E ). This did not seem to be due to a general defect in the glycosylation machinery in these cells, as the endogenous E-cadherin appeared to be N-glycosylated normally as judged by the effects of PNGase F treatment of WCEs from MCF-7 cells ( Fig. 1F) , consistent with the findings of other groups showing N-glycosylation in these cells (22, 32, 33) . Thus, endogenous ADAM8 is subjected to N-glycosylation in ER␣-negative but not in ER␣positive breast cancer cells. NOVEMBER 28, 2014 • VOLUME 289 • NUMBER 48
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Recently we demonstrated that when MDA-MB-231 cells were grown under hypoxic conditions, the levels of ADAM8 were induced and its processing was enhanced (7) . Thus, we next tested the effects of hypoxia on N-glycosylation and processing of ADAM8 in ER␣-negative versus -positive breast cancer lines. Following incubation of cultures under 1% oxygen for 24 h, WCEs were digested with PNGaseF and subjected to Western blotting. Large increases were seen in the levels of the proform, active, and remnant forms of ADAM8 in MDA-MB-231 cells under hypoxic conditions ( Fig. 2A, left panel) , consistent with our previous findings (7) . Similarly, hypoxia resulted in substantial increases in ADAM8 proform and active form in the SUM-149 line ( Fig. 2A, right panel) . Notably, all of the ADAM8 forms were hydrolyzed with PNGase F in the two ER␣negative cell lines. In contrast, hypoxia failed to induce either the level of expression, or the glycosylation and processing of ADAM8 in the two ER␣-positive cell lines tested here (Fig. 2B ). Thus, hypoxia induces the expression, N-glycosylation, and processing of ADAM8 selectively in ER␣-negative lines.
ADAM8 Dimers Are Not Detected on the Surface of ER␣positive Breast Cancer Cells-As the active form of ADAM8 results from autocatalytic clipping by the proform after its dimerization, we used chemical cross-linking to investigate whether the absence of processed ADAM8 forms in ER␣-positive breast cancer cells could be correlated with an inability to dimerize. To this end, MCF-7 and MDA-MB-231 cells were subjected to treatment with the non-cell permeable cross-linking reagent BS3. Total protein extracts were separated under reducing conditions by SDS-PAGE and analyzed by immunoblotting for ADAM8. As shown in Fig. 2C , BS3 treatment of MDA-MB-231 cells generated an additional molecular species that migrated slightly faster than 250 kDa, which is approximately twice the apparent molecular size of the 120-kDa proform, suggesting that a portion of the ADAM8 protein on the surface of the MDA-MB-231 cells had dimerized thereby permitting autocatalytic processing to the active form. In contrast, no higher molecular species were seen with BS3 treatment of MCF-7 cells. These results are consistent with the model that ADAM8 is present exclusively as a monomer on the surface of MCF-7 cells and that it does not undergo dimerization, and hence is unable to cleave the proform in this ER␣-positive line.
ADAM8 Has Both Complex and High Mannose N-Glycans in ER␣-negative Breast Cancer Cells-We next sought to characterize the glycosylation modifications of ADAM8 that take place in the ER␣-negative cells. The high mannose N-glycosylation of proteins that occurs in the endoplasmic reticulum is further modified in the Golgi with additional N-glycans, leading to loss of EndoH sensitivity. Thus, we evaluated the nature of the glycans on each of the ADAM8 forms in the ER␣-negative lines using sensitivity to EndoH versus PNGaseF (Fig. 3A ). EndoH digestion resulted in increased mobility of the ADAM8 proform in MDA-MB-231 and SUM-149 cell lysates, whereas the active form was EndoH resistant. As seen above, all of the ADAM8 forms are sensitive to PNGaseF digestion. These findings suggest that the initial carbohydrate structures added to the ADAM8 proform are high man- nose oligosaccharides and that these are further modified in the active form to complex-type N-glycans.
Inhibition of ADAM8 N-Glycosylation by Tunicamycin Prevents Processing-To test the role of N-glycosylation of ADAM8 in ER␣negative breast cancer lines, MDA-MB-231 and SUM-149 cells were treated for 24 h with 1 g/ml of tunicamycin ( Fig. 3B) , which inhibits addition of N-linked oligosaccharides to nascent polypeptides (34) . Only one band was observed upon tunicamycin treatment, which co-migrated with the faster mobility, unglycosylated proform band seen following PNGaseF treatment. The processed active and remnant forms were not detected following tunicamycin treatment. Furthermore, the level of the proform band was reduced as a result of tunicamycin treatment (Fig. 3B) . In contrast, when MCF-7 cells were treated with tunicamycin ( Fig. 3C) , neither protein stability nor its glycosylation were affected. Together, these results suggest that inhibition of N-glycosylation of ADAM8 in ER␣-negative breast cancer lines prevented processing of the proform, and that unglycosylated ADAM8 protein may be less stable.
Processing of ADAM8 Is Reduced in ADAM8 N-Glycosylation Mutants-The consensus sequence for N-glycosylation is Asn-X-Thr/Ser, with X corresponding to any amino acid, except proline. Using the NetNgly program, which takes advantage of artificial neural networks for prediction, we identified four putative strong sites of N-glycosylation, with higher than 0.5 thresholds in human ADAM8 (Fig. 4A ). Two of these sites were located in the prodomain (Asn-67 and Asn-91), one within the disintegrin domain (Asn-436) and one between the cysteinerich and EGF-like domains (Asn-612). A three-dimensional model of ADAM8 (residues 195-647 that includes the MP domain, DI domain, CRD, and the ELD) was generated using Swissmodel (35) , and the crystal structure of ADAM22 as a template (36) . The figure was generated using Pymol (PyMOL Molecular Graphics System, Schrödinger, LLC), and shows the location of the residues 436 and 612, both of which are predicted from this model to be surface accessible (Fig. 4B ). Unfortunately, no suitable template could be found to model the N-terminal region of ADAM8.
To test whether ADAM8 was indeed N-glycosylated at these positions, site-directed mutagenesis was performed to individually replace the asparagine with glutamine in ADAM8 within the pCDNA 3.1/Myc-His (Ϫ) Ver B vector, which expresses Myc tagged proteins. Wild-type (WT) and mutant human ADAM8 (hADAM8) proteins were ectopically expressed in NOVEMBER 28, 2014 • VOLUME 289 • NUMBER 48
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HEK-293 cells, which lack endogenous ADAM8. The ADAM8 proform of each of the mutants migrated more rapidly than the WT ADAM8 proform, suggesting all N-glycosylation sites were occupied consistent with the increased mobility following PNGaseF treatment ( Fig. 4C and see below) . The processing of the N67Q mutant proform was only slightly reduced compared with WT, whereas the N91Q and N612Q mutants displayed very little proform processing. Consistent with its localization, the active form of the N436Q mutant displayed faster migration than WT proteins, as did the remnant form (Fig. 4C) ; furthermore, the amounts of active and remnant forms were greatly reduced.
We next expressed the WT and mutant ADAM8 forms in MDA-MB-231 breast cancer cells (Fig. 4D) . Again, the proform of all four mutants migrated more rapidly than the WT proform, consistent with N-glycosylation of ADAM8 at all of the sites in these cells. Furthermore, processing of the N612Q and N91Q mutants was greatly reduced, as judged by the very low levels of active and remnant forms. The N67Q and N436Q mutants had less profound effects on processing with lower relative levels of active or remnant forms compared with the proform. Taken together, our data indicate that all four sites of glycosylation are functional in both the MDA-MB-231 breast cancer and HEK-293 cells, and the loss of N-glycosylation at the Asn-91 and Asn-612 positions greatly reduces the processing of ADAM8 in these cells.
To investigate the type of glycans present in the ectopically expressed N-glycosylation mutants, we assessed their susceptibility to PNGase F and Endo H digestion following transfection in HEK-293 cells (Fig. 5, A and B) . The proforms of the N67Q and N91Q mutants were digested with EndoH, indicating that both of these two sites are modified by addition of high mannose sugars. Furthermore, the N436Q and N612Q proform mutants retained EndoH sensitivity consistent with the presence of high-mannose N-glycans (Fig. 5B) . The active and remnant forms of the N67Q and N436Q mutants processing by PNGaseF was similar to the WT ADAM8, although the amounts of these forms with the N436Q mutant were greatly reduced and their migration substantially faster, consistent with reduced glycosylation. Processing of the N91Q and N612Q ADAM8 mutants was again severely inhibited. Thus, these findings suggest that the preliminary N-glycosylation step at the two sites present in the proform are modified by addition of high mannose glycans, which likely takes place in the endoplasmic reticulum, and that following clipping of ADAM8 to the active form, further processing to complex sugars takes place on the Asn-436 and Asn-612 sites in the Golgi.
ADAM8 N91Q and N612Q Mutants Display Altered Cellular Localization and Are Unable to Reach the Cell Surface-To address whether loss of glycosylation alters the ability of ADAM8 to reach the cell surface, we performed FACS analysis of transfected HEK-293 cells using an ADAM8 ectodomain antibody on unpermeabilized cells. HEK-293 cells were transiently transfected with vectors expressing WT or mutant ADAM8 proteins or with empty vector (EV) DNA (Fig. 5C ). Consistent with the absence of endogenous ADAM8 in HEK-293 cells, almost no staining was seen with the EV DNA. A substantial increase was observed upon ectopic WT ADAM8 protein expression. The levels of WT ADAM8 protein expression were heterogenous in the mixed transiently transfected cell population, and thus the scan was divided into 4 regions. R5 represents the ADAM8-negative population, and R6-R7 the cell population characterized by low ADAM8 expression. R8 represents those cells in the population with the highest levels of ADAM8 expression on their surface. Approximately 25% of the cells displayed high WT ADAM8 cell surface expression (R8). Substantial numbers of cells were also seen in the R8 population with the N67Q and N436Q mutants (Fig. 5C ), although their extents were lower than with the WT ADAM8, consistent with their reduced processing seen above (Fig. 4C) . The R8 populations for N67Q and N436Q were 20 and 10%, respectively. In contrast, cells staining high for ADAM8 were almost undetectable with the N91Q and N612Q mutants (ϳ1 and 3%, respectively), indicating posttranslational N-glycosylation at these sites are critical for correct cellular localization of ADAM8 on the cell surface.
To further test the effects of the N-glycosylation mutations on ADAM8 cellular localization, we performed immunofluorescence of ectopically expressed WT and mutant ADAM8 proteins in SUM-149 breast cancer cells using an antibody targeting the Myc-tag fused to ADAM8 (Fig. 6A ). SUM-149 breast cancer cells were selected because they express high endogenous levels of E-cadherin that can be easily used as a cell-surface marker. Transfected cultures were co-stained with the ADAM8 ectodomain antibody and an E-cadherin antibody targeting its extracellular part. WT ADAM8 (red) was appropriately processed and observed at the surface of the SUM-149 cells, as shown by the co-localization (yellow) with E-cadherin (green) (Fig. 6A) . The localization of the N67Q and N436Q mutant ADAM8 proteins was similar to WT ADAM8. In contrast, the N91Q and N612Q mutant ADAM8 proteins were localized to the perinuclear area and were not detected at the surface of SUM-149 cells, consistent with the findings obtained with FACS analysis. NOVEMBER 28, 2014 • VOLUME 289 • NUMBER 48
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To specifically test for surface staining of the N91Q and N612Q ADAM8 proteins, a biotinylation assay was performed. Surface proteins on transfected HEK-293 cells were biotinylated and pulled down using streptavidin-agarose followed by Western blotting (Fig. 6B) . The WT ADAM8 proform, active and remnant forms were brought down with Streptavidin indicating they were all on the cell surface. As seen above, only abundant N91Q and N612Q ADAM8 proform proteins were present in the transfected HEK-293 cells (Fig. 6B) . Notably, only a very small amount of the N91Q and N612Q proteins were detectable on the cell surface as judged by streptavidin pull-down, consistent with the findings obtained with both the FACS and immunofluorescence analyses. Thus, glycosylation at the Asn-91 and Asn-612 sites is required both for ADAM8 processing and localization at the cell surface.
ADAM8 N91Q Is Retained in the Golgi and ADAM8 N612Q
in the Endoplasmic Reticulum-We next investigated the subcellular localization of the N91Q and N612Q mutant ADAM8 proteins using immunofluorescence. Mannose-6-phosphate receptor (M6PR) and phosphor-disulfide isomerase (PDI) were used as markers for the Golgi and the endoplasmic reticulum, respectively. Following transfection into HEK-293 cells, ectopically expressed WT ADAM8 was again visualized at the plasma membrane and in the cytoplasm. Co-staining with M6PR indicated extensive localization of WT ADAM8 in the Golgi (Fig.  7A ), whereas only a low level of co-staining was observed within the endoplasmic reticulum (Fig. 7B ). As seen above, the N91Q ADAM8 protein localized to punctated vesicles in the perinuclear area and these co-stained with M6PR, indicating this mutant protein was present within the Golgi (Fig. 7A) . The N612Q ADAM8 mutant protein, which again appeared perinuclear, co-stained with PDI indicating it is localized in the endoplasmic reticulum (Fig. 7B) . Thus, the mutations at Asn-91 and Asn-612 cause ADAM8 to be incorrectly localized within the cell. FIGURE 6. N91Q and N612Q ADAM8 mutants are unable to reach the cell surface. A, SUM-149 cells were transiently transfected with vectors expressing WT ADAM8 or N67Q, N91Q, N436Q, or N612Q N-glycosylation mutants. Cells were fixed, permeabilized, and subjected to immunofluorescent staining for ADAM8 expression using an anti-ADAM8 ectodomain antibody (AF1031) (red), and for the cell surface marker E-cadherin (green), and with DAPI (blue) to label the nuclei. Images were taken using a Nikon 80i Upright Research Fluorescence Scope (40ϫ objective) with an Andoe Clara-E Camera and processed with NIS-Elements Basic software. Scale bar, 10 m. B, HEK-293 cells were transiently transfected with vectors expressing WT ADAM8 or N-glycosylation mutants N91Q and N612Q. The cell surface proteins were labeled with biotin and pulled down by streptavidin (SA)-conjugated beads. Samples (10%) of extracts (Input) and pulled down biotinylated ADAM8 were detected by Western blotting using a Myc antibody. FIGURE 7. N91Q and N612Q mutant ADAM8 proteins are retained in the Golgi and ER, respectively. A and B, HEK-293 cells were transiently transfected with vectors expressing WT ADAM8 or N-glycosylation mutants N91Q and N612Q. Cells were fixed, permeabilized, and subjected to immunofluorescent staining using (A) ADAM8 LSBio antibody (red), M6PR (Golgi marker) (green), and DAPI (blue) or (B) Myc antibody (green); PDI (ER marker) (red) and DAPI (blue). Images were taken as described in Fig. 6A . Scale bar, 10 m.
N436Q ADAM8 Displays Reduced Stability-The N436Q
ADAM8 mutant appeared to be processed correctly and to localize to the cell surface but the levels of the processed forms observed were substantially reduced. As N-glycosylation has been shown to control ADAM10 stability (37) , we asked whether the loss of glycosylation at Asn-436 similarly affected the stability of ADAM8. To test for altered stability, WT ADAM8 and N436Q mutant were overexpressed in HEK-293 cells and cultures treated with cycloheximide for 2 or 6 h to inhibit protein synthesis, in the absence or presence of the lysosomal inhibitor chloroquine (Fig. 8A ). Upon treatment with cycloheximide, we observed a modest decrease in the amount of WT ADAM8 proform over the 6-h period. Addition of chloroquine increased the level of the proform as well as the active form, although to a lesser extent, suggesting that both may be subjected to lysosomal degradation. Cycloheximide treatment of cells expressing the N436Q mutant resulted in a larger 2.3fold decrease in the amount of the proform, and to an almost complete loss of active form, suggesting active N436Q protein is indeed less stable (Fig. 8A) . Addition of chloroquine again partially rescued the levels of the proform and the active form, but the amounts were substantially below what was seen with WT ADAM8 protein. To assess directly the localization of these proteins, HEK-293 cells expressing either WT or N436Q ADAM8 were subjected to indirect immunofluorescence for ADAM8 (red) and the lysosomal-associated membrane protein (LAMP) 2 (green). WT ADAM8 co-localized with LAMP 2 as indicated by the yellow staining in the merged images (Fig. 8B) . Interestingly, the N436Q protein was also detected in the lysosomal compartment and the staining appeared more intense. The localization of both the WT and N436Q ADAM8 proteins in the lysosome suggest these proteins are turned over in this compartment. Next, we tested whether the turnover of endogenous ADAM8 protein was sensitive to the chloroquine. Notably when the MDA-MB-231 cells were treated with cycloheximide for 6 h in the absence of chloroquine (Fig. 8C, right panel) , an average 2.3-fold decrease was observed in three independent replicates. Loss of ADAM8 in MDA-MB-231 cells was partially blocked by the addition of chloroquine, suggesting the endogenous ADAM8 protein also undergoes degradation in the lysosomal compartment. Lastly, we sought to assess the stability of the larger ADAM8 proform protein expressed in MCF-7 cells (Fig. 8C, left panel) . Interestingly, the turnover of the ADAM8 protein was similar to that seen in MDA-MB-231 cells (2.9-fold average) and was also partially inhibited in the presence of chloroquine. Together these findings suggest that the N436Q mutant ADAM8 protein is substantially less stable than the WT protein and that ADAM8 degradation occurs, at least in part, in the lysosomal compartment.
Reduced Glycosylation and Processing Decreases ADAM8 Metalloproteinase Activity-Next, we investigated whether the glycosylation mutants of ADAM8 display decreased metalloproteinase activity. To this end, we used one of the well-established ADAM8 substrates CD23 (2). Cleavage of CD23 by the FIGURE 8 . N436Q is less stable than WT ADAM8 and degraded in the lysosomal compartment. A, HEK-293 cells were transiently transfected with WT ADAM8 or N436Q as in Fig. 4C . After 24 h, cells were treated with carrier DMSO (Ϫ), 25 g/ml cycloheximide (CHX) in the absence (Ϫ) or presence (ϩ) of 50 M chloroquine (Chloroq) for 6 h. WCEs were analyzed by Western blotting for ADAM8 expression (using a Myc antibody) and for ␤-tubulin. All lanes were from the same gel, but cut to re-align as indicated by the vertical line. The values below are the amount of normalized ADAM8 Proform relative to the control sample (untreated sample), which was set to 100%, determined as described under "Experimental Procedures." Results are from one of three representative blots with similar data. B, HEK-293 cells were transiently transfected with vectors expressing WT ADAM8 or its N-glycosylation mutant N436Q. Cells were fixed, permeabilized, and subjected to immunofluorescent staining using ADAM8 LSBio antibody (red); LAMP 2 (Lysosomal marker) (green), and DAPI (blue). Images were taken as described in Fig. 6A . Scale bar, 10 m. C, MCF-7 and MDA-MB-231 cells were treated for 6 h with DMSO (Ϫ), cycloheximide and/or chloroquine, as above. WCEs were run on the same gel and analyzed for expression of endogenous ADAM8 (LSBio antibody) and ␤-tubulin by Western blotting. The values below are the average amounts of normalized ADAM8 Proform relative to the control sample, which was set to 100%, of three independent replicates. The vertical line indicates that the blots for MCF-7, and MDA-MB-231 cell lysates were exposed for different lengths of time.
metalloproteinase activity of ADAM8 leads specifically to the release of a 29-kDa soluble fragment. As a negative control for protease activity, an E335Q ADAM8 mutant, which carries an inactivating mutation in the metalloproteinase domain of ADAM8, was used. Vectors expressing WT ADAM8, glycosylation mutants (N67Q, N91Q, N436Q, or N612Q), E335Q mutant, or EV DNA were co-transfected with the C-terminal HA-tagged CD23 (CD23-HA) vector in HEK-293 cells. After 6 h, the medium was replaced with serum-free medium. Sixteen hours later, conditioned medium was harvested and WCEs prepared. Samples of the medium were analyzed by Western blotting for soluble cleaved CD23 (Fig. 9A, upper panel) and the WCEs for CD23 and ADAM8 protein in the lysates (Fig. 9A , upper and lower panels). WT ADAM8 induced the accumulation of cleaved 29-kDa CD23-HA in the supernatant, while essentially no cleavage was detected with the EV or E335Q mutant. Consistently, the relative level of CD23 in the cell lysates with the EV was substantially higher than in the presence of WT ADAM8 and comparable to the E335Q mutant. Mutation of N91Q and N612Q caused a decrease in the amount of shed CD23 to almost undetectable levels, and relatively more CD23 was seen in the lysates. These findings are consistent with the reduction in processing of N91Q and N612Q mutants to active form ( Fig. 9, lower panel) and with the lack of their surface expression seen above. Transfection with the N436Q mutant led to substantially reduced production of soluble CD23 consistent with the decrease in amount of processed active ADAM8 observed, suggesting that the Asn-436 active form retained metalloproteinase activity. The N67Q mutation, which had the most modest effects on ADAM8 processing and location, displayed substantial levels of CD23 cleavage, indicating that its processed form retained activity. Overall, mutations N91Q and N612Q, which had the most substantial effects on ADAM8 processing and location, led to the largest decreases in its ability to release CD23 from the cell surface. We also tested the effects of knockdown of the endogenous ADAM8 on CD23 shedding using a MDA-MB-231 clone with stable ADAM8 knockdown resulting from ADAM8 shRNA (shA8). As a control, a MDA-MB-231 clone expressing an shControl RNA (shCtrl) was used. Stable knockdown of ADAM8 decreased the amount of released 29-kDa CD23 fragment compared with the shCtrl cells, consistently more CD23 was detected in the cell lysates ( Fig. 8B) , confirming the role of ADAM8 in this enzymatic reaction.
DISCUSSION
Here we show for the first time that human ADAM8 activity is tightly regulated by N-glycosylation, which extensively impacts its dimerization and subsequent processing, stability, and ability to localize to the cell surface of ER␣-negative breast cancer cells. Site-directed mutagenesis supports the conclusion that human ADAM8 is N-glycosylated at four sites. Mutation of two of these sites: Asn-91 (located in the prodomain) and Asn-612 (located between the CRD and ELD), reduced the processing of ADAM8 and its localization at the cell surface, two events required for ADAM8 to promote breast tumor growth and metastatic dissemination (7) . N-Glycosylation at the Asn-91 was required for ADAM8 exit from the Golgi, while an inability to N-glycosylate ADAM8 on Asn-612 resulted in localization of ADAM8 in the endoplasmic reticulum. Glycosylation of Asn-436 affected ADAM8 stability, particularly of the active form, whereas Asn-67 in the prodomain had only modest effects on processing or activity. Moreover, growth of ER␣-negative breast cancer cells under hypoxic conditions increased both the level of ADAM8 expression as well as its glycosylation. No O-glycosylation of ADAM8 could be detected in breast cancer cells (data not shown). Interestingly, N-glycosylation and processing of ADAM8 was essentially not detectable in ER␣-positive breast cancer cell lines, which are known to be less invasive and metastatic, and this correlated with a lack of extensive dimerization of ADAM8. Thus, the processing, localization, stability, and activity of ADAM8 depend upon its accurate N-glycosylation.
Several members of the ADAM family of proteins, including ADAM9, ADAM10, ADAM12, and ADAM17, have been implicated in the pathogenesis or progression of cancer (38 -40) . Of these different ADAM proteins, post-translational modifications of ADAM10, ADAM12, and ADAM17 have been shown to play major roles in their activities. ADAM10 is also N-glycosylated at four sites and these post-translational modifications are crucial for its processing, activity, and resistance to FIGURE 9 . Glycosylation mutants with reduced processing display decreased ADAM8 metalloproteinase activity. A, C-terminal HA-tagged CD23 (CD23-HA) expression vector was co-transfected with EV DNA or with vectors expressing WT ADAM8, the indicated N-glycosylation mutants or metalloproteinase inactive E335Q mutant (EQ) in HEK-293 cells. 6 h later, the medium was replaced with serum-free medium. After 16 h, supernatants, and cells were collected. Medium samples were concentrated and assessed by Western blotting for cleaved CD23 (29 kDa) using an anti-HA antibody (top panel). Alternatively, WCEs were analyzed by Western blotting for CD23 expression using an HA antibody (middle panel) and for ADAM8 expression using a Myc antibody (bottom panels). The black dashed line indicates the migratory position of the active form of WT ADAM8. Note that the ADAM8processed E335Q protein, while running near the position of active WT protein, has no detectable metalloproteinase activity, suggesting an alternative, non-functional enzymatic processing occurs in these cells. B, stable clones of MDA-MB-231 expressing shA8 RNA or control shRNA (shCtrl) were transfected with C-terminal HA-tagged CD23 (CD23-HA) vector DNA or EV DNA and processed and analyzed as in part A. proteolysis (37) . Interestingly, higher expression of an N-linked glycosylated form of ADAM12 was observed in more aggressive form of various cancer cell lines (41) , and differential glycosylation and activity of ADAM17 was observed when human ADAM17 was expressed in mammalian and insect cells (42) . Previous studies have shown that increased ADAM8 expression is associated with a more advanced stage of cancer, including non-small cell lung cancer (13, 43) , prostate cancer (44), renal cell carcinoma (45) , and pancreatic cancer (15) . Further, our laboratory has reported ADAM8 is abundantly expressed in aggressive and invasive TNBCs compared with normal mammary tissue or fibroadenomas, which are the most common benign tumors of the breast (7) . Further studies would be required to determine whether additional changes in N-glycosylation of ADAM8 occur with tumor progression.
N-linked glycosylation has varying functional consequences on ADAM8. The N67Q mutation did not affect the expression levels of ADAM8 proform and only slightly reduced the levels of its active and remnant forms, suggesting that glycosylation at the Asn-67 site plays a minor role in processing. Also, the sheddase activity of ADAM8 was only modestly decreased in the N67Q mutant. Interestingly, the Asn-67 site, which is located in the prodomain of human ADAM8, is the only site that is absent in Mus musculus ADAM8 protein. In contrast, the three other sites of N-glycosylation (Asn-91, Asn-436, and Asn-612 in the human ADAM8 protein) played critical roles for its processing. Putative counterparts to these sites are detected in mouse ADAM8 (located at Asn-88, Asn-430, and Asn-613); although, it remains to be determined whether these sites are actually functional in murine ADAM8. In human ADAM8, mutation at Asn-91 decreased its processing, ability to exit the Golgi and thereby its cell surface localization. Similarly, mutation of ADAM8 at Asn-612 reduced its ability to localize on the cell surface or to be appropriately processed due to an inability to exit from the endoplasmic reticulum. The reduced staining in post-Golgi compartments in N91Q-expressing cells compared with the WT ADAM8 suggests that glycosylation at the Asn-91 site in the prodomain is the sorting determinant for exiting from the Golgi complex and Asn-612 for the endoplasmic reticulum. Notably the failure of ADAM8 to appropriately localize to the cell surface would decrease its ability to influence the breast tumor microenvironment (7) . The Asn-91 and Asn-612 mutations in ADAM8 may have altered its ability to interact with lectin chaperones in the endoplasmic reticulum, and thereby decreased its ability to fold correctly. Interestingly, incorrectly folded glycoproteins are generally aggregated in the endoplasmic reticulum and subject to endoplasmic reticulum associated degradation (ERAD) or transported to the Golgi for lysosomal mediated degradation or alternatively translocated to the cytoplasm for proteasomal degradation (19) . Hence, mutation at these sites may result in the failure of ADAM8 to attain a proper conformation. Furthermore, mutation of the Asn-436 glycosylation site (located within the DI domain) resulted in decreased ADAM8 active form stability, in part due to degradation via the lysosome. This likely explains the substantial decrease in the detectable level of ADAM8 in MDA-MB-231 and SUM-149 cells treated with tunicamycin, which inhibits all glycosylation. It remains to be determined whether the proteasome or ERAD also play a role in ADAM8 turnover.
ADAM8 N-glycosylation and processing was not detected in ER␣-positive breast cancer cells and could not be induced in these cells by hypoxia. As glycosylation of E-cadherin occurred in these cells, there does not appear to be a general glycosylation defect and thus the reason for this absence is unclear. Interestingly, despite the absence of glycosylation, the ADAM8 proform migrated more slowly in the ER␣-positive compared with ER␣-negative breast cancer cells. These findings suggest the possibility that some other post-translational modification(s) occurred in the ER␣-positive breast cancer cells that contributed to this apparent increased size, e.g. phosphorylation. If so, this modification may be responsible for blocking glycosylation and ADAM8 processing. Studies are in progress to identify and compare all of the post-translational modifications of ADAM8 in ER␣-positive versus -negative breast cancer cells.
